We determined the effect of adaptation to the study diet on oxidation of the indicator amino acid and the required tracer washout time in preterms. Methods: subjects received a study diet for 6 d that entailed a 50% reduction in leucine. Tracer studies using enterally infused [ C]phenylalanine were performed on days 1, 2, 4, and 6. Breath samples containing 13 CO 2 were collected during steady state and measured by infrared spectrometric analysis, and the fraction of 13 CO 2 recovery from 13 C oxidation (F 13 CO 2 ) was calculated. results: Preterm infants (n = 11, birth weight 1.9 ± 0.1 kg, gestational age 32.6 ± 1.5 wk) received 166 mg/kg/d of leucine. Baseline enrichment changed significantly at day 1 of the study diet. F 13 CO 2 did not change significantly between days 2 and 4 but was significantly lower at day 6. The tracer washout time was determined to be 7.5 h using a biphasic regression analysis. conclusion: One day of adaptation to a new diet is necessary to adapt to the 13 C enrichment of the study formula before starting infant requirement studies. adaptation for a period of 5 d results in a protein-sparing response. The minimal time between two studies within the same subject is 7.5 h. a dequate nutrition is essential for optimal growth and development in preterm and term neonates. Protein is an important component because it provides essential amino acids required for protein synthesis and growth. Nitrogen balance has long been used as the method to determine the requirement of the essential amino acids. An adaptation time of 7 d was required to achieve equilibrium in the urea body pool and in urinary urea excretion (1). Because it is considered unethical to administer a deficient diet to an infant for 7-10 d, alternative methods were needed. The oxidation (or hydroxylation) of essential amino acids by the liver and peripheral tissues is dependent on the activity of the degrading enzymes, which in turn are dependent on the intake of the essential amino acids. Consequently, it is necessary to have sufficient time to adapt to a changing dietary intake (2,3).
CO 2 ) was calculated. results: Preterm infants (n = 11, birth weight 1.9 ± 0.1 kg, gestational age 32.6 ± 1.5 wk) received 166 mg/kg/d of leucine. Baseline enrichment changed significantly at day 1 of the study diet. F 13 CO 2 did not change significantly between days 2 and 4 but was significantly lower at day 6. The tracer washout time was determined to be 7.5 h using a biphasic regression analysis. conclusion: One day of adaptation to a new diet is necessary to adapt to the 13 C enrichment of the study formula before starting infant requirement studies. adaptation for a period of 5 d results in a protein-sparing response. The minimal time between two studies within the same subject is 7.5 h. a dequate nutrition is essential for optimal growth and development in preterm and term neonates. Protein is an important component because it provides essential amino acids required for protein synthesis and growth. Nitrogen balance has long been used as the method to determine the requirement of the essential amino acids. An adaptation time of 7 d was required to achieve equilibrium in the urea body pool and in urinary urea excretion (1) . Because it is considered unethical to administer a deficient diet to an infant for 7-10 d, alternative methods were needed. The oxidation (or hydroxylation) of essential amino acids by the liver and peripheral tissues is dependent on the activity of the degrading enzymes, which in turn are dependent on the intake of the essential amino acids. Consequently, it is necessary to have sufficient time to adapt to a changing dietary intake (2, 3) .
Studies have been performed using tracer oxidation methods in adults and pigs to examine whether protein intake or the time to adapt to the study diet influenced the amino acid kinetics. Following a 2 d strictly controlled normal protein intake, an adaptation time of 8 h appears to be sufficient for adult subjects (4, 5) . In premature or term infants, no studies have been performed to determine the necessary adaptation time. Amino acid and protein turnover in infants are two to three times higher than in adults on average, potentially reflecting a more highly adaptive system to changes in the diet (6, 7) . The adaptation to the study diet should be as short as possible to avoid restrictions in growth and development in this vulnerable population. This is especially true when considering preterm infants because protein intake in the first 4 wk of life has a major influence on later cognitive function (8, 9 ) and blood pressure (10) .
Therefore, we performed a study to determine the period of adaptation in infants who receive a study diet with decreased leucine content. We measured the oxidation rate of the indicator amino acid [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]phenylalanine to F 13 CO 2 . In addition, we determined the minimal time needed to perform the next tracer study by determining the tracer washout time after 2 d adaptation to the study diet.
Results
Eleven patients were enrolled in the study, and the patient characteristics are shown in Table 1 . Weight gain rates tended to decrease during the study as compared with rates before the study, but this trend did not reach significance. In addition, the study was not designed or powered to detect differences in weight gain rates. No correlation was observed between growth during the study and the fraction of 
Tracer Washout Time
The tracer washout time studies were performed on day 2. In one patient two tracer washout studies were performed at day 2 and day 4; therefore, a total of 12 tracer washout studies were performed. After the end of the study protocol, the enrichment decreased, and stable background enrichment was determined using a biphasic regression analysis. From the twophase regression analysis with time as the independent variable and 13 C enrichment in atom percent excess (APE) as the dependent variable, the break point was determined to be 7.5 h (r 2 = 0.43, P < 0.000) (upper confidence interval: 8.1 h; lower confidence interval: 6.8 h). The return to baseline enrichments was determined to be 7.5 h. These results are depicted in Figure 1 .
Baseline Enrichments
Baseline enrichments were significantly decreased on the first day as compared with all other study days ( Table 2 ). The enrichment increased by the second day on the study formula. A small, statistically significant difference of 1δ Pee Dee Belemnite (PDB) was observed between the baseline enrichments measured on day 2 and 4, and day 2 and day 6 by using a paired t-test. These differences were considered not relevant because they are within 1δ PDB difference, which is within the precision range of this technique. The baseline at day 6 is lower than day 4, whereas the baseline at day 2 is higher than day 4 (Figure 2) . Therefore, we state that the 1δ PDB difference between day 2 and 4, although significant, is a really small difference and does not influence the oxidation data. The large change in the baseline enrichment on the first day on the study formula made it impossible to calculate the whole-body CO 2 for that day. The body CO 2 production estimated by the infusion of [ 13 C]bicarbonate did not differ between days 2, 4, and 6, indicating that energy expenditure did not change over the study period. Figure 3 shows the isotopic plateaus during [ C]phenylalanine infusion of day 2 as an example of the steady states achieved during the study protocol.
Oxidation Rate of the Indicator
No difference was observed in F 13 CO 2 levels in infants receiving the study formula between days 2 and 4. However, day 6 F 13 CO 2 was significantly lower than that measured on the preceding days (days 2 and 6, P = 0.033; days 4 and 6, P = 0.043) ( Table 2) . C enrichment in atom percent excess (APe) as the dependent variable, the break point was determined to be 7.5 h (upper confidence interval (CI): 8.1 h; lower CI: 6.8 h). the return to baseline enrichments was determined to be 7.5 h (N = 11). C baseline enrichment of day 1 vs. day 2, 4, and 6 in PeeDee Belemnite (PDB). *P < 0.05 between day 1 and day 2/4/6 (twotailed); † P < 0.05 between day 2 and day 4 (two-tailed); ‡ P < 0.05 between day 2 and day 6 (two-tailed). the difference between day 2 and 4 and day 2 and 6, although significant, is within the measurement error of the mass spectrometry measurements and therefore a physiologically irrelevant difference. PDB, Pee Dee Belemnite.
*P < 0.05 between day 1 and day 2/4/6 (two-tailed). **P < 0.05 between day 2 and day 4 (two-tailed). † P < 0.05 between day 2 and day 6 (two-tailed). ‡ P < 0.05 between day 4 and day 6 (two-tailed).
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Articles Adapting to study formula DIsCussION Several interesting issues emerge from the present studies. First, energy expenditure is remarkably stable over a period of slightly less than a week. Second, the washout time of tracer is not a rate-limiting step in performing subsequent studies in infants because APE is not significantly different from zero from 8 h onward.
However, the present data do not allow us to draw firm conclusions about the time to adapt to a study diet. On the one hand, we did not observe differences in fractional oxidation rates between days 2 and 4. On the other hand, we did observe a significantly lower oxidation rate after 5 d of adaptation. This coincided with a lower weight gain rate observed after a period of 6 d. These results can be interpreted in two ways. First, a period of at least 5 d of adaptation to a study diet is necessary in indirect amino acid oxidation (IAAO) studies determining the amino acid requirements in preterm infants. Second, the body adapts to a reduced essential amino acid intake by decreasing the growth rate, which again is reflected by a new equilibrium. In the new equilibrium, there is a decreased requirement for essential amino acids because growth is reduced. Therefore, a requirement determined under those circumstances would not reflect the optimal intake. If this theory were true, this would reflect the remarkable flexibility of the human body to adapt to changing circumstances. However, one would expect a higher oxidation rate of the indicator amino acid, whereas we observed the opposite. For example, Moehn et al. observed higher oxidation rates of the indicator in pigs fed a low-protein diet after a 1-2 d adaptation to the study diet using phenylalanine flux and enriched expired CO 2 (11) . One possible explanation for our results is that the plasma phenylalanine concentration (the indicator amino acid) increased, resulting in a lower intestinal absorption of the dietary phenylalanine, including the enterally administered 13 C phenylalanine. Subsequently, plasma enrichment would have been lower, resulting in a lower 13 CO 2 production rate. Unfortunately, we did not collect blood or urine samples to enable us to test this hypothesis. The second explanation could be that in the study diet the 13 C content of protein/amino acids was much lower than that of the carbohydrate component. Subsequently, a switch from carbohydrate oxidation to amino acid oxidation may cause a switch in 13 CO 2 production. A higher protein oxidation would lead to lower 13 C in breath, which could compensate for the higher tracer oxidation.
Adaptation to a specific diet has been widely studied. Enzymes involved in the metabolism of dispensable amino acids responded to the amount of protein consumed, whereas enzymes involved in the catabolism of indispensable amino acids adapted to changes in protein intake (and indispensable amino acid intake) in relation to the amino acid needs of the body. Thus, the capacity to degrade amino acids depends to a considerable extent on the diet. A change in the intake of an amino acid is promptly (within a few hours) followed by a parallel change in its oxidation rate (12, 13) . This would imply that when the adaptation to the enrichment of the diet is achieved, an oxidation study can be performed within 8 h, as shown by Elango et al. (5) . It was shown that long-term adaptation to a specific amino acid-deficient diet does not result in changes of other amino acids in adults (14) but can decrease oxidation of the test amino acid, indicating a decrease in catabolism to maintain the body's equilibrium (15, 16) . Because these studies used the direct amino acid oxidation method, which is proposed to produce low oxidation rates in response to lower intakes of the test amino acid, these results are not comparable with our results using the IAAO method, in which deficient intakes are proposed to give high oxidation rates. Therefore, these direct oxidation studies involved a change in the pool size of the amino acid being oxidized due to the change in the dietary intake of the same amino acid. By contrast, because the IAAO technique employs an unchanging intake and pool size for the oxidized amino acid, it should be expected that the adaptation period for the IAAO method would be at least as short as that for the direct oxidation method and possibly shorter (11) . This would imply that in infants, if adaptation to the enrichment of the study diet has been achieved, an oxidation study could be performed within hours as in adults. A recent IAAO study demonstrated no differences in lysine requirements in adults adapted to lower protein intakes, with the remark that the test formulas were given only on the study day (17) . To clear this controversy, a study should be performed that compares the requirement of an essential amino acid after 1, 5, or more days of adaptation and meanwhile should take the reduced growth into account. Because we consider it unethical to maintain neonates for long periods on a deficient diet, we did not test adaptation longer than 6 d and consequently did not resolve the question of whether more than 6 d has an additional effect on the tracer oxidation. Furthermore, in adult humans fed a 4-wk arginine-free diet, the decrease in oxidation was similar to a 1-wk restriction alone (15, 18) .
Previous studies demonstrated that the carryover effect of the isotope did not affect the background enrichment after 2 d (19) . Most studies used a latency of 2 d (20,21) or 7 d (22, 23) between two measurements. We determined a tracer washout time of 7.5 h. This makes it possible to measure the 
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same patient on two consecutive study days, as we did in the current study.
A significant increase was observed in the baseline 13 C enrichment at day 1 as compared with days 2, 4, and 6, implying that time is needed to adapt to the 13 C enrichment of the study diet. Because every diet differs in naturally enriched 13 C depending on the carbohydrate source used (24), a period of time is necessary to allow background adaptation to the experimental diet. This is probably a result of the fact that we used European formulas, which might be based on different sources of carbohydrates and proteins than the Chinese formula that the infants received before the adaptation day. A limitation of the present study is that because of the large increase of 6-7δ PDB in baseline enrichments after the start of the study formula on day 1, the F 13 CO 2 on day 1 was not comparable with that measured on the other days. The differences between days 2, 4, and 6 were considered not relevant because they are within 1δ PDB difference, which is within the precision range of this technique.
In conclusion, our study indicates that a period of time is necessary to adapt to the 13 C level of the study formula, and this adaptation occurs within 24 h. Furthermore, if adaptation to a specific deficient diet has occurred, a tracer study as described here can be performed as often as every day. No conclusive evidence has been generated as to how long an adaptation period on a deficient diet should last. No differences were observed between 2 and 4 d adaptation to the study diet, whereas at day 6, significant changes in metabolism were observed, most likely as a result of a protein-sparing adaptive response.
MetHODs

Subjects
Subjects eligible for the study were preterm infants admitted to the Neonatology Department of the Fudan Children's Hospital in Shanghai, China. Their gestational ages ranged between 28 and 37 wk, and their birth weights were <2.2 kg. The children had to be clinically stable and in a growth state, defined as gaining weight at a rate >10 g/ kg/d −1 over the previous 5 d. All subjects tolerated full enteral feeding well and had no congenital or gastrointestinal diseases. The study protocol was approved by the medical ethical committee of the Fudan Children's Hospital, and a statement of no objection was obtained from the medical ethical committee of the Erasmus MC-Sophia's Children's Hospital. Similar studies, including those determining cysteine requirements, have been performed previously in the Erasmus MC Sophia Children's Hospital (25, 26) . Written informed consent was obtained from one or both parents for all participants after a Mandarin-speaking researcher provided a precise explanation of the study.
Experimental Design
Tracer washout time. The tracer washout time was determined once in all 11 subjects on day 2. Breath samples were collected directly after the enteral infusion of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]phenylalanine was stopped (T0) and subsequently every hour during the first 9 h. Over the following 6 h, breath samples were collected every 2 h. Subsequently, samples were collected every 3 h for 9 h until a 24-h period had passed since the beginning of the tracer washout study. These samples were compared with the baseline samples of the study day to determine the time needed between two tracer study days. Subjects were weighed daily, and a head circumference was measured on the days on which indirect amino acid oxidation study was performed. The study protocol is shown in Figure 4 .
Adaptation study. Tracer studies were performed on days 1, 2, 4, and 6. On the study days, baseline samples were obtained 15 and 5 min before starting the tracer infusion. Directly after the first study formula was administered, subjects received a primed (10 µmol/kg) continuous (10 µmol/kg/h) enteral infusion of [ 
Study Formula
The study formula contained 166 mg/kg/d leucine, which is 50% below the current recommended intake for preterm neonates (28) . Subjects received the leucine-low study formula for 6 d. Except leucine, all the other essential amino acids were present at levels above the current recommendations and are presented in Table 3 . C can be calculated as described by Schierbeek et al. (29) . To calculate the APE, the AP (background) is subtracted from the AP (sample) . APE was plotted relative to time.
Estimated body CO 2 production (mmol/kg/h) was calculated for each infant as described previously (25) . The F 13 CO 2 was calculated using the following equation: 
Statistical Analysis
Steady state of 13 CO 2 in expired breath during the [1-13 C]phenylalanine was achieved when the linear factor of the slope was found to be not significantly different from zero (P ≥ 0.05). Biphasic linear regression analysis was performed to analyze oxidation rates as described below. Statistical analyses were performed using SPSS (SPSS, Chicago, IL). A P value ≤0.05 was considered significant. For the washout time, a biphasic regression analysis was determined on the breath enrichment values. In this model, a break point is estimated using nonlinear regression. With the biphasic linear regression analysis, the regression equation was split into two parts. For the first part, an intercept and slope were estimated. For the second part, the slope was restricted to zero. Therefore, the estimated intercept of the second line was equal to the break point. The model with the best fit on the basis of the highest r 2 was selected. A paired t-test was used to determine the differences before and during the study day and to compare measurements from day 1 to those from days 2, 4, and 6. The effects of growth during the study and the F 13 CO 2 were tested with Pearson's correlation coefficient analysis.
